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ROTATING-STALL AND ROTOR-BLADE-VIBRATION SURVEY OF A 13-STAGE
. AXTAL-FLOW COMPRESSOR IN A TURBOJET ENGINE

3

S

~ By Howard F. Calvert, Willis M. Braithwaite, and Arthur A. Medeiros

- SUMMARY

. .

2 A blade-~vibration and rotating-stall survey was conducted on & pro-

duction turbojet engine Incorporating s 13-stage axisl-flow compressor
with a pressure ratio of approximately 7 and an alr flow of 120 pounds

. per second. Resistance-wire strain geges and constant-current hot-wire
enemometers were used 1o measure the blade vibrations and rotating stall.

* Stell patterns consisting of onme to five zones were found over the
equivalent speed range from 5000 to 6200 rpm (about 60 to 75 percent of
rated speed).

Maximum vibratory stresses of 426,400 and 126,150 psi were measured
in the first stage at 5180 rpm and in the second stage at 5860 rpnm,
respectively. The source of excltation at these two criticel speeds
wes & three-zone rotating stall.

Several cases of nonuniformly spaced and nonuniform-smplitude stall
zones were observed. Blade vibrations resulting from these stall pat-
terns were found to be as high as 16,500 psi. In additlon, some hot-
wire traces showing the flow patterns during a compressor surge pulse
indicated that a single-zone stell pattern ogcurred just prior to surge.

INTRODUCTION

The excitation of axlal-flow-compressor blade vibration by rotatlng

stall has become a serious problem in production compressors. References
1 and 2 indicated that, when a compressor stells, the annulsr flow pat-
tern consists of low-flow zones distributed ebout the annulus and rote-
ting at approximetely one-helf compressor speed. The existence of the

- rotating stell haes made it poseible to explein the source of excitation
of blade vibration heretofore referred to as aerodynamically excited.
Axial-Flow-compressor blade vibrations excited by rotating stall are

? reported in references 1 to 4.
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The vibration survey reported In reference 1 was conducted to deter-
mine the cause of the first-stege blade failures occurring in a l3-stage
production compressor. The survey indicated that a serious vibration was
pregent in the flrst-stage rotor and that this vibration was being exclted
by rotating stall. The first seven rotor stages of this compressor were
fabricated from sluminum alloy. Since aluminum has & very low endurance
limit, the blades would be susceptible to fatigue failure if moderate
vibratory stresses were encountered for a sufficient period of time.

The aluminum-bladed compressor was therefore replaced by a design in
which the blaedes in the first three stages were fabricated from a 13-
percent-chrome steel. Blade fallures were again reported in the steel-
bladed compressor. These failures occurred in the blade-root serrations.
Since stress determinations in the serrations are difficult to obtain,
the present Investigation was underteken to determine whether rotating
stall was still an important vibration-exciting influence. The vibratory
stress measurements were taken at the base of the alrfoll section, where
stresses are lower then those in the serrations. A correlation between
the stresses in the two locations and a consequent determination of the
relation between rotating stell and fallure in the blade serrations were
left to a subsequent investigation.

Data were obtained at a flight condition that corresponded to an
inlet total pressure of 1900 pounds per square foot, an inlet air temper--
ature of 65° F 159, and an exhsust pressure of 1800 pounds per square
foot. The vibratory stresses were measured by resistance-wire strain
goges, and the flow fluctuations of rotating stall were Jetected by
constant-current hot-wire anemometers. Steady-state pressures and tem-
peratures were measured at several stations throughout the compressor.

The engine was equipped with a variable-area exhaust noZzle to vary the
pregsure ratio or alr flow at a constant speed.

APPARATUS

Turbojet engine and installetion. - The Investlgation was conducted
on a turbojet engine incorporating a 135-stage axlal-flow compressor wlth
a pressure ratio of approximately 7, a rated englme speed of 8300 rpm,
and an alr flow of approximstely 120 pounds per second. The engine was
installed and operated in an NACA Lewis altitude test chember. The
engine inlet and exhaust pressures were controlled by the laboratory air
fecilities. The engine was equipped with an adjusitsble exhaust nozzle
to permit variation of .the pressure ratlic or air flow at a constant speed.

Methods of detecting and measuring vibratory stresses. - Commercial
resistance-wire strain gages, used to detect and measure vibratory
stresses, were cemented to elght blades in esch of the first three
compressor stages at approximetely midchord position, as close as pos-
sible to the blade base. The eight blades per stage were arranged in

ey
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two groups of four bladesg approximetely 180° apart. Lead wires were run
from the straln gages to a 19-ring slip-ring assembly mounted on the
front of the engine starter. The slip-ring assembly and strain-gage
circuits were the same as reported in reference 5.

A 24-chasnnel recording osclllograph was used to record the strain-
gage and hot-wire anemometer signals.

Hot-wire snemometer. - A constant-current hot-wire anemometer system
was used to detect rotating stell. A 0.00l-inch-diameter by 0.0l-inch-
length wire, kept at a constant average temperature, was used in each
anemometer. The flow fluctuations were detected from the instantaneous
variations in wire temperature. A resistance-capacltor-type compensator
was used to obtaln the necessary speed of response. Anemometer probes
were installed in radlal-survey devices located in the first-, second-,
and third-stege stator passages.

The anemometer signals were filtered to eliminste frequencies
greater than 750 cps. The signal was viewed on a four-beam cathode-ray
oscilloscope and recorded with the 24-channel recording oscillograph.
The method used to determine the number of stall zones was the same as
that used in references 1 and 2. The number of zones per stall pattern
and the associated hot-wire frequencies were determined by the angle
method of reference 2. Thereafter the hot-wire fredquency was used to
determine the stall pattern present.

Pressure and temperature instrumentation. - The engine performance
instrumentation is shown in figure 1. Radial temperature and pressure
rekes were installed ahead of the compressor-inlet guide vanes, inter-
stage positions, compressor outlet, end in the exhaust tail pipe. The
air-flow characteristics were calculated from the pressure and tempera-
ture measurements at station 1. A1l probes were spaced at area centers
of equal annular aress.

PROCEDURE

The engine was operated over a range of speed from epproximately
5000 to 8300 rpm with the exhsust nozzle in the open position. The area
of the nozzle in the open position was approximately that required for
rated conditions at raied speed. At speeds up to spproximately 6200
rpm, the engine operating point was veried by the use of the adjustable
nozzle. The minimum nozzle area used was limited by one of the follow-
ing: (1) meximum allowable tail-pipe temperature (1166° F), and (2) the
minimum aree of the nozzle. At each condition, data were obtained to
determine the over-all compressor performance, stage performance, rota-
ting stall, end rotor-blade-vibration characteristics.
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The compressor-inlet total pressure was maintained at about 1900
pounds per square foot. The inlet air temperature was 65° F 450. A
static pressure of 1800 pounds per square foot was maintained at the
exhaust by the laboratory exhausit=system facilities.

RESULTS AND DISCUBSION

The datae obtained in this investigetion are discussed in their
relation to the effect of rotating stall on compressor performance and
rotor-blade vibration. Peculiarities noted for some of the rotating-
stall patterns are shown.

Rotating-stall characteristics. - The performance of the 13-stage
campressor used In this investigetion 1s presented in figure 2 as a plot
of total-pressure ratio and adiabatic tempersture-rige efflciency sgainst
equivalent air fiow. In order to determine if rotating stall had any
effect on compressor performance, over-all compressor and stage data
were obtalned in the speed range where rotating stall was encountered.
The deta polnts &long the lower solid line of the compressor mep in
Flgure 2 were tasken with the exhaust nozzle set to give approximately
rated tail-pipe temperature at rated equivalent speed (8300 rpm). The
data points along the upper line were taken with the exhaust nozzle set
for minimm availeble area, limiting tall-plpe temperature, or complete
compressor stall or surge encountered with a resultant high turbine tem-
perature. Complete compressor stall is defined as a discontinuous drop
in circumferentially averaged compressor-discharge pressure and a high
exhaust-gas temperature. A surge cycle 1s defined as complete compressor
stall followed by & reversal of the air flow and a subsequent recovery
of the compressor-discherge pressure. A more complete description of
the phenomenon is contained in reference 6. In addition to the data
taken wlth the exhsust-nozzle pogitions for the rated end limiting oper-
ating lines, various intermediate settings were used to determine the
number of different rotating-stall patterns obtainable and to determine
the operating points where high vibratory stresses were encountered in
the first three rotor-blede rows. Constant-speed curves have been in-
terpolated from the datas points shown.

It can be sgeen from figure 2 that rotating-stall patterns consisting
of one, three, four, or flve stall zones could be ¢Obtalned from about 60
to 75 percent of .rated speed (5000 to 6200 equivalent rpm) No rotating
stall was encountered at equivalent speeds sbove approximately 6200 rpm
over the flow range lnvestigated. No attempt has been made to draw dis-
tinct regions on figure 2 where a particular staell pattern may be en-
countered; it was felt thet insufficient data were taken to warrant a
valid line of demarcation (if such exists) Ffrom one stall pattern to
another. However, in general, three stell zones were found at the higher
values of compressor pressure ratio (closed exhaust nozzle) at any given
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speed. At the open nozzle position, five stall zones were found at
equivalent speeds between D000 and 5800 rpm. At higher speed with the
open nozzle, the anemometer signal was of low ampiitude and nonpericdic
in nature. At intermediate nozzle settings, four stall zones were found
to exist at ebout 6100 rpm.

It is interesting to note that at equivalent speeds of about 6000
and 6250 rpm & nonperiodic anemometer slgnal was obtained. The appear-
ance of thils type signal usually indicstes that the compressor will oper-
ate stall-free with a slight increase in speed (see ref. 4); however,
this was not the case with this compressor. Reference 7 presents the
results of & rotating-stall investigation on a single-stage compressor
in which a region of operation with nonperiodic flow fluctuations was
bounded by regions of operation with periodic rotating-stall petterns.

During steady-state operation only two poinits were found where the
stall pattern consisted of a single stall zone. One point occurred at
an equivalent speed of approximately 5800 rpm with an intermediate nozzle
areea, and the other at approximstely 6200 rpm with the open nozzle. Both
points exhibited stall patterns that alternately chenged from one to five
stall zones wlth no perceptible change in the engine operating conditions.

In the speed range of 5800 rpm, there was an indication that the
stall pattern observed was a function of the operational procedure. In
this region, if the equivalent engine speed was held approximately con-
stant and the exhaust area reduced (sketch (a)), the number of zones per
pattern changed from five to three to one. However, this sequence could
be changed to five, three, two, one by operating the engine iIn the fol-
lowing manner (sketch (b)i: (1) Operate the engine at an equivalent
gpeed of 5600 rpm with the nozzle open, thus obtaining a five-zone stall
as indicated at point a. (2) With engine speed constant, close the
exhaust nozzle until a three-zone stall is obtained (point b). (3) With
the exhaust-nozzle area constent, increase the engine speed to 5800 rpm
{point c¢). (4) Then, with a constant engine speed, close the exhaust
nozzle until a two-zone stall is present (point d). Additional reduction
in exhaust area would agaln produce a single-zone stall.

Number of stall
A
1 zones ,
o o
2 3
& 3 g
o o
= &
a 5 @
) 5800 rpm @
& & a® 5 5800 rpm
5600 rpm
Welght flow Weight flow
a (b)
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Complete compressor stall, as characterized by a sudden and signif-
icant decrease in compressor-discharge pressure and an increase in '
turbine-inlet temperature, could be attained by rapld engine accelera-
tion. A single stall zone would always be detected at the complete com-
pressor stall, as indicated in references 4 and 6.

The compressor gdiabatic efficiencies_in figure 2 indicate peak
velues ranging from 73 percent at an equivalent speed of 5000 rpm to
83 percent at 6200 rpm.

Stage performance. - In addition to the over-all compressor per-
formance measurements, data were obtalned at the exits of the second,
fourth, and ninth stages. These data are presented in figure 3 as plots
of pressure coefficient and temperature-rise coefficient against flow
coefficlent. .These parameters are derived in reference 8 and are used
herein as follows (the symbols are defined in the appendix):

KW, T
Flow coefficient = ¢ = —=21
PN
where
K, = 8B
Dy 1A
P T
_3- - l-o
K2T1 |\P1
Pressure coefficlent = § = > -
X
T3
Kle @"" - 1-0
¥ j
Temperature-rise coefficlent = n = >
N
where

- !5600!59 c
2 n(nnm)z P

The performence of the first stage group, consisting of stages 1
and 2, is shown in figure 3(a). At high speed (near rated), the flow
coefficlent is high and the pressure and temperature-rige coefflcients
low. As speed is decreesed, the flow coefficlient decreases and the pres-
sure and temperature coefficients increase. (It should be remembered
that the angle of attack varies inversely with flow coefficlent.) The
pressure coefflcient increases to a maximum of 0.396; then, a slight
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decrease In flow coeffileient results in rotating stall. Further decrease
In flow coefficient results in a decreasing pressure coefficient and an
increese in temperature-rise coefficlient. Inasmuch as the stage group
efficiency 1s the ratio of pressure coefficlent to temperature coef-
ficient, the stage efficiency 1s decreasing for flow coefficlients below
0.425.

The performance of the second-group stages (3 and 4) and third-
group stages (5 to 9) is presented in figure 3(b) and (c), respectively.
The general trend of change in flow coefficient with respect to change
in englne speed is similar to that of the first group; decreasing speed
results In decreasing flow coefficlent snd increasing angle of attack.
In the last group (stages 10 to 13) the trend is reversed (fig. 3(d)).
As compressor speed is decreased, the angles of atteck decrease as in-
dicated by the Ilncreased flow coefficients. .

These trends can be explained by consideration of the annulus area
varistion through the compressor. The areae variation is determined by
the density ratio and exiasl-velocity ratio through the compressor at
deslign speed and flow operation. As speed 1s decreased, the density
ratio across the compressor decreases rapidly. Since the area ratio
cannot be changed, the axial-velocity ratio must increase. Therefore,
the angles of attack in the latter stages of the compressor decrease
as speed decreases (flow coefficlent increases). The low angles of
attack in the latter stages combined wlth the high axial velocities
result in & choking condition in the blade passages of the exit stages.
This flow limit with decreasing sgpeed causes the inlet flow to decrease
more rapidly than the compressor speed. Therefore, the flow coefficient
for the inlet stages will decrease and the angles of attack will in-
crease. At some speed then, the inlet stages willl reach stall angle of
attack, end rotating stall will be generally encountered.

In this particuler compressor, rotating stall is encountered at
equivelent speede below sbout 6200 rpm (about 75 percent of rated speed),
and stall-excited blade vibrations may be expected below thils speed.

Rotor-blade vibrations. - In figure 4 the relative stall frequency,
the average static blade fundamental frequency corrected for the effect
of centrifugal force (ref. 9), and the measured frequency at which the
blade was found to be vibrating are plotted ageinst the actual engine
speed. The frequency of excitation due to rotating stall for rotor
blades 1s termed the relative stall frequency, or the stall frequency
relatlive to the rotor blades, which is defined by the following
formule:

N\
- f
fs‘%'G 2}
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Lines representing the relatlve stall frequency for one- to five-zone
stall patterng are presented 1n the lower half of figure 4. The vari-
ous patterns were obtaelned by varying the exhaust-nozzle area, which
caused the compressor to operate at variocus points on 'the performance
map (fig. 2). The two lines A and B represent frequencies that are
twice the relstive stall frequencies of the four- and three-zone stall
patterns, respectively.

The first-stage measured blade-vibration frequencies (fig. 4} fol-
low line B in the speed range from 5000 to 5400 rpm, and the second-
stage frequencies follow line B for speeds from 5600 to 6150 rpm. The
blades were therefore vibrating at a frequency twice the relative stall
frequency of three-zone stall and devisating from thelr own natural fre-
quency; that ig, the blades were being forced to vibrate by the rotating
stall. However, this was true only when the relative stall frequency
was within approximately 10 cycles of the blade natural frequency.
Above 5400 rpm, the rotating stall was unable to force the flrst-stage
blades to vibrate, and they vibrated at frequencies corresponding to
their corrected natural frequency.

The third-stage measured blade-vibration frequencies follow line
A in the speed range from 5075 to 5450 rpm, and as the speed is in-
creagsed the blade-vibration frequencies follow theilr corrected average
natural frequencies. Resonance between the rotor blades and rotating
stall, or the resultant maximum vibratory stresses, would be expected
to occur at the intersection of the rotor-blade and rotating-stall fre-
quency lines. The intersections of these frequency lines were at actual
engine speeds of spproximately 5200, 5850, and 5300 rpm for the first,
second, and third stages, respectively. Figure 5 is a plot of vibratory
stress against actual engine speed for the resonant condition.

A peak vibratory stress of 426,400 psl was observed in the first
stage at 5180 rpm (fig. 5(a)). As expected, the maximum stress occurred
at the intersection of the rotor-blade frequency line and line B (fig.
4). A stress of 418,700 psi was observed with a one-zone stall pattern.

A meximum vibratory stress of 26,150 psl was measured in the sec-
ond stage at 5860 rpm (fig. S(b)}). A three-zone stall pattern was
obgerved with this peak vibration; again, the peak vibration occurred
at the Intersection of the blede and relative-stall frequency lines.

The maximum third-stage vibratory stress of +16,100 psl was excited
by a four-zone stall pattern and occurred at 5180 rpm (fig. 5(c)). This
critical speed also corresponds to the intersection of the blaede and
relative~stall frequency lines in figure 4.

Rotating stall was not the source of excitation for all blade
vibrations measured. Figure 6, a plot of vibratory stresses not in
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resonance with rotating stall against actual engline speed, indlcates the
blade location and number of zones per stall pattern for each data point.
These data points were not presented in figure 5. The maximum nonreso-
nant stresses measured in the first, second, and third stages were
£20,200, £16,200, and 416,150 psi, respectively. The blade-vibration
and rotating-stall frequencies for these data points did not correlate;
that 1s, the relative stall frequencies, or thelr harmoniecs, were not
close enough to the blade frequencies for forced excitation.

Rotating-stall patterns. - The annuler flow region of the first
stages in an axial-flow compressor often consists of normal flow areas
with localized low-flow zones if the compressor is operatling in the
range from 50 to 80 percent of rated speed. These low-flow, or stalled,
zones have generally been considered to be approximetely evenly spaced
and of equel strength or size. The annuler pattern is referred to as a
rotating stell, or stell, pattern. During this investigatlion stall
patterns were observed where the spacing of the zones was nonperiodic
and where the strength or size of the zones varied. Figure 7 shows the
hot-wire anemometer signal for a periodic and uniform three-zone
rotating-stall pattern. A sketch of the annulus, illustrating the
location of the stall zones, i1s also shown. It can be seen from the
hot-wire signals that these stall zones are equally spaced and of equal
slze or strength.

Figure 8 shows the continuous hot-wire signal obtained during a
transition from & one-zone to a three-zone sgtall pattern. In this
transition several patterns were formed. The compressor speed was con-
stant (6050 rpm} for the duration of this record. In section a (fig.
8), the hot-wire signal shows that a one-zone stall pattern was present.
In section b the pattern changed to & four-zone pattern, with the zones
alternately weak and strong. At times the weak zones are sbout one-half
the strength of the strong zones; and at other times the weak Zones are
Practically misesing, with the hot wires showing the presence of only
8 two-zone stall. In section ¢ the high peaks represent & one-zone
stall pattern end the low pesks a five-zone stall. Section d repre-
gsents the final trensition before the three-zone stall pattern is formed;
the spacing is initially very uneven, some of the peaks being spaced as
& three-zone pattern and some as four- and five-zone patterns. In sec-
tion e only a stable periodic three-zone pattern remainéd. The unevenly
spaced staell patterns not only occur during the transition condition
from one stable stall pattern to another, but they have been observed
ag stable patterns excliting blade vibration.

Figure S 1s an oscillograph record of the second- and third-stage
vibrations occurring with & three-zone stall pattern where two zones are
strong and one weak or missing. The maximum vibratory stress for both
stages was approximately 16,500 psi. For the second stage the ratio of
the blade frequency to the relative stall frequency was 2.00; however, for
the third stage it was 2.33.
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In figure 10_the second-stage blades are shown vibrating at a maxi-
mm vibratory stress of £16,770 psi with a four-zone stall pattern such
as shown in seetion b of figure 8, that is with alternately strong and
weak zones., The frequency ratio, based on only the two strong pesks in
the pettern, 1s 3.0; thus, rotating stall is probably the source of
these vibrations.

Flgure 11 shows the second stage vibrating at & maximum vibratory
stress of 413,080 psi with the one- and five-zone pattern, such as in
section ¢ of flgure 8. The hlgh peaks correspond to a single stall zone
and the low peaks to a five-zone stall pattern. The ratio of the blade
frequency to the relatlve stall frequency for the one-zone stall was
6.0.

FPigure 12 presents the hot-wire signal of rotating stall as the
number of zones is changing from three to one. .In section a the gecond
stage was vibrating at & meximum stress of 416,350 psi and was excited
by a three-zone stall pattern. In section b the blsde vibratory stresses
were decreasing, and an exsmination of the hot-wire signals shows that
the stall zones were unevenly spaced. The spacing between the two
closest zones was approximately 90° and the other two spacings were
each 135°. Approximately 0.2 second sfter this stell spacing formed,
the number of zones changed from three to one; and approximetely 0.3
second after the one-zone spacing formed, the first stage started to
vibrate at a meximum vibratory stress of +15,100 psi (section c). The
ratio of stall frequency to blade frequency at this point was 5.0.

The hot-wire anemometer signal reproduced 1n figure 13 1l1lustrates
the flow pattern in the compressor as the compressor stall pattern
chenges from a single-zone pattern to a surge or axial pulsing of the
air. The frequency of the one-zone pattern was approximately 41 cps
and of the surge cycle was 9 cps. It can be noted that as the com-
pressor recovered from each surge cycle the single-zone stall pattern
returned. It thus appeared thet, with this compressor, single-zone
stall was the prelude to surge. The vibratory stresses for the dura-
tion of thie record were within 5,000 psi. The vibration was the burst-
ing type; that is, the blades would vibrate for 25 or 30 cycles and then
ceasge.

SUMMARY OF RESULTS

A vibration survey was conducted on a l3-stage axial-flow compressor
to determine the source of excitation of the destructive hlade vibratlon
reportedly causing compressor faillures. Btrain gages and hot-wire
anemometers were used to detect the blade vibration and rotating stall,
respectively. The resulte may be summarized as follows:
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l. The compressor was operating with rotating stall at equivalent
speeds below about 6200 rpm (75 percent of rated speed). Stall patterns
consisting of one to five stall zones were found.

2. In general, the number of stall zones in the annulus decreased
as the exhaust nozzle was closed at any given engine speed.

3. The single stall zone usually occurred just prior to compressor
surge.

4. The maximum compressor efficiencies, measured whlle rotating
stall was present, ranged from 73 percent at an equivelent speed of
5000 rpm to 83 percent at an equivalent speed of 6200 rpm.

5. The étage performance date indicated that the flow coefficient
for the first nine stages decreased with decreasing speed and increased
with decreasing speed in the lest four stages.

6. The first-stage peak vibratory stress of 426,400 psi, measured
at the airfoll base at 5180 rpm, was caused by a three-zone rotating
stall.

7. The second-stage peak vibratory stress of 126,150 psi, measured
at the alrfoil base at 5860 rpm, was caused by a three-zone rotating
stall.

8. The third-stage peak vibratory stress of x16,100 psi, measured
at the airfoll base at 5180 rpm, was caused by a four-zone roteting
stall.

9. Vibratory stresses of 20,200, +16,200, and £16,150 psi that
could not be correlated with rotaeting stall were measured in the first,

second, and third stages, respectively.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, October 28, 1954
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APPENDIX - SYMBOLS
The following symbols are used in this report:
annulus area, sq £t
specific heat at constant pressure, Btu/(lb)(oR)
mean dlameter, ft
stall frequency, cps
stall frequency relative to rotor, cps
acceleration due to gravity, ft/sec2

mechenical equivalent of heat, 778 f£t-1b/Btu
60R

engine speed, rpm

number of stages

total pressure, lb/sq ft

gas constant, ft-1b/(1v)(°R}

total temperature, °R

air flow at compressor inlet, Ib/sec
ratio of specific heats

ratio of pressure to NACA standard sea-level pressure

adiabatic temperature-rise efficiency, n =

-1
P \"+
2\ T
Tl (ﬁé) - 1.0
Tz - Ty

ratio of total temperature tc NACA standard sea-level temperature

number of stall zanes
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r=1
" Kle 'f" - 1.0
¥ pressure coefficient, ¥ = 5 =
N
KW, T
¢  flow coefficient, ¢ = —smort
PlN
& Subscripts:
o
-~J
c compressor
1 compressor inlet
3 compressor outlet
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Type of measurement Number measurements per
station, at station -
1 28 4s Ss 3 g
O | Totel pressure 20 5 5 3 112 | 35
O | Total temperature 12 5 5 3 6 | 30
A | Well stetic pressure 4 - - - - -
$ | 8tream static pressure 4 - - - - -
Station 9
h |
- (a) Engine.

v

Stetlon 1 Station 3

Station 9

{v) Several stations (viewed downstream).

Flgure 1. - Croes section of engline showing Instrumentation stations.
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Figure 2. - Over-all perforiarice and rotating-stall characteristics of 13~-stage compressor.
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(e) Stages 1 and 2.

Figure 3. - Stage performance characteristics of 13-stage compressor.
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Flow coefficient, ¢

(b) Stages 3 and 4.

Figure 3. Continued. Stage performance characteristics of 13-
stage compressor.
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13-stage compressor.
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O 4990 to 5250
I 5400 to 5650
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(d) Stages 10 to 13.

Figure 3. - Concluded. Stage performance characteristics -

of 13-stage compressor.
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Fraquency, cps

Type frequency

——O— Relative stall
«~— —— HNatural blade vibration, corrected
for the effect of centrifugal
Torce
A Twice the relative frequency
—_———— of four-zone stell
B Twlce the relative frequency
of three-zone stell

Measured blade-vibration
frequency,
stage

400

360

320

280

umter of stall zones,
LS

4600 4800 5000 S200 S40CQ 5600 5800 6000 - 620Q
Actusl engine speed, X, rpm

Figure 4. - Stall and blede-vibration frequencies for 13-stage compressor.
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(a} Measured in first-stage rotor blades.

Figure 5. - Resonant vibratory stresses.
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(b) Measured in second-stage rotor blades.

Figure 5. - Continued. Resonant vibratory streseces.
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(c) Measured in third-stage rotor blades. -

Figure 5. - Concluded. Resonant vibratory stresses.
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Figure 6. - Vibratory stresses, not in resonsnce with rotating stall,

measured in first three rotor stages.
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Hot-wire anemomoter signal showing mmber of zones in a stall: pattern changing from one to

Actual sngine spesd, 6050 rpm.
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